The last two decades have seen important advances in our knowledge of maize domestication, thanks in part to the contributions of genetic data. Genetic studies have provided firm evidence that maize was domesticated from Balsas teosinte (Zea mays subspecies parviglumis), a wild relative that is endemic to the mid-to lowland regions of southwestern Mexico. An interesting paradox remains, however: Maize cultivars that are most closely related to Balsas teosinte are found mainly in the Mexican highlands where subspecies parviglumis does not grow. Genetic data thus point to primary diffusion of domesticated maize from the highlands rather than from the region of initial domestication. Recent archeological evidence for early lowland cultivation has been consistent with the genetics of domestication, leaving the issue of the ancestral position of highland maize unresolved. We used a new SNP dataset scored in a large number of accessions of both teosinte and maize to take a second look at the geography of the earliest cultivated maize. We found that gene flow between maize and its wild relatives meaningfully impacts our inference of geographic origins. By analyzing differentiation from inferred ancestral gene frequencies, we obtained results that are fully consistent with current ecological, archeological, and genetic data concerning the geography of early maize cultivation.
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T he geography of origins and diversification of agricultural species has important implications for unraveling the ecological context of Neolithic societies and for understanding current patterns of diversity in domesticated plants and animals. Traditionally the realm of archeology and botany (1, 2) , the study of plant domestication has seen important contributions from genetics during the last two decades (3) . Genetic data often provide evidence that is hard to obtain by other means, making it an invaluable complement to other lines of inquiry.
As a case in point, molecular markers were instrumental in establishing the single domestication of maize (Zea mays subspecies mays) from an extant wild relative (4, 5) . Maize was shown to originate from annual teosinte (Zea mays subspecies parviglumis, hereafter parviglumis) around 9,000 y B.P., placing domestication in the mid-to lowland regions of southwest Mexico where parviglumis grows endemically. As predicted by this result (6) , excavations in the heart of parviglumis' distribution have produced the earliest (8,700 y B.P.) phytolith evidence for maize cultivation (7) . Other finds from Tabasco (7,300 y B.P.) (8) and Panama (7,400 y B.P.) (9) also support an early presence of maize throughout the Meso-American lowlands.
Although different types of evidence seemingly concur, questions nonetheless remain about the interpretation of the genetic data. While unequivocal with respect to maize's wild ancestor, marker evidence suggests that maize from the Mexican highlands, rather than from the lowlands, is most closely related to parviglumis and appears to have given rise to all cultivars currently grown throughout the Americas (5) . That the oldest macrobotanical remains (6,200 y B.P.) are found in the highlands supports this observation (10) . This gap between the location of maize's wild ancestor and the most ancestral maize population is paradoxical (5) and raises questions about how to reconcile the genetic ancestry of modern maize with the genetic and archeological evidence supporting domestication at lower altitudes.
Two explanations have been proposed for the ancestral position of highland maize. First, parviglumis may have grown in the highlands at the time of domestication (5, 11) . Second, the early domesticate may have spread from the lowlands to the highlands, with a subsequent diffusion of highland maize replacing lowland populations (11) . Neither resolution is particularly satisfying: parviglumis probably grew at lower altitudes during the cooler and dryer climatic conditions that likely existed around the time of maize domestication (7, 12, 13) , and the replacement hypothesis seems unlikely given the difference in ecological adaptation between highland and lowland maize (14) .
Some existing evidence suggests a third solution to the paradox. Maize in the Mexican highlands grows sympatrically with a second subspecies of annual teosinte, Zea mays subspecies mexicana (hereafter, mexicana). Maize and mexicana are interfertile (15) , and there is evidence for gene flow from mexicana into maize (5, 16) . Although not directly ancestral to maize, mexicana is more closely related to parviglumis than to maize (5), so gene flow from mexicana has the potential to affect the genetic similarity between highland maize populations and parviglumis.
Here we used a large SNP dataset of maize and teosinte ( Fig.  S1 and Dataset S1) to reevaluate the genetic ancestry of extant maize populations and to estimate the effects of introgression from maize's wild relatives. We overcame the limitations of crop/ wild ancestor comparisons in the presence of introgression by using estimates of differentiation from ancestral gene frequencies, inferred from extant maize populations, as a measure of genetic distance from the domesticated population. We located the geographic region most closely associated with ancestral maize based on spatial estimates of gene frequency. Our results differ from previous work, identifying a region consistent with genetic and archeological evidence for maize domestication in the lowlands and suggesting that the apparent ancestral position of highland Mexican maize results from introgression from mexicana. These results highlight the impact of information about gene flow on historical inference from genetic data and the utility of alternative methods in reconstructing crop ancestry and geographic history. 
Results
Patterns of Genetic Structure and Differentiation. Principal components analysis (PCA) (17) of the maize SNP data identifies 58 significant principal components (PCs) (explaining 37.6% of total variance), probably reflecting isolation by distance (18) and linkage effects (19) . We use the first nine PCs, which present the strongest spatial autocorrelation (Fig. S2 ) and explain a large portion of the total variance (18.7%), to cluster the accessions into 10 geographically distinct groups (Fig. 1A) . Meso-American maize falls into three groups: the Meso-American Lowland group, which includes predominantly lowland accessions from southeast Mexico and the Caribbean; the West Mexico group, representing both lowlands and highlands; and the Mexican Highland group, encompassing most of Matsuoka et al.'s highland Mexican accessions (5) as well as accessions from highland Guatemala. These clusters also confirm the presence of US-derived varieties in South America (20); we excluded these accessions from further analysis.
In the joint PCA analysis of the three subspecies, the first PC (10.8% of variance) separates maize from its wild relatives and confirms the similarity between maize from the Mexican Highland group and parviglumis (Fig. 1B) . The second PC (4.8% of variance) mainly separates the genetic groups of maize along a north-south axis, with the Northern United States and Andean Highlands at the extremes. The third PC (2.7% of variance) predominately reflects the difference between parviglumis and mexicana. The Mexican Highland cluster extends toward mexicana along both PC 1 and 3, suggesting that the similarity of highland maize to parviglumis may reflect admixture with mexicana.
Admixture Analysis. Simulation of gene flow of mexicana into the Meso-American Lowland maize group suggests that 13% cumulative historical introgression is sufficient to explain observed differences between lowland and highland maize in terms of heterozygosity and differentiation from parviglumis (Fig. S3 ). Structure analysis (21) of all Mexican accessions lends support for this magnitude of introgression (Fig. 2) . The three subspecies form clearly separated clusters, but evidence of admixture is evident in all three groups, and the two wild relatives show clear signs of bidirectional introgression at altitudes where their ranges overlap (Fig. 2) . Highland maize shows strong signs of mexicana introgression, with 20% admixture observed in the Mexican Highland cluster, but below 1,500 m mexicana introgression drops to less than 1%. Introgression from parviglumis into maize is much lower overall, reaching its highest average value (3%) in the lowland West Mexico group.
Drift Analysis. Because introgression from mexicana may affect ancestry inference based on genetic distance from parviglumis, we took an approach that does not require reference to the wild relatives. Under models of historical range expansion, genetic differentiation increases away from the population of origin (22, 23) , and estimates of drift from ancestral frequencies have been applied successfully to identify ancestral populations (24) . We therefore applied the method of Nicholson et al. (25) to estimate simultaneously ancestral frequencies and F, a measure of genetic drift of away from these frequencies, for sets of predefined populations.
To illustrate the potential impact of mexicana introgression, we first performed a standard analysis that includes each maize population in turn in conjunction with the two wild relatives. Average drift away from the inferred common ancestor of maize, parviglumis, and mexicana is higher for maize (F = 0.24) than for mexicana (F = 0.15) or parviglumis (F = 0.07), probably due to changes in allele frequency following the domestication bottleneck. Because the inferred ancestral frequencies are closer to those of the wild relatives than to present-day maize, comparison with this ancestor is sensitive to introgression from these subspecies. It therefore is not surprising that estimates of F between individual maize populations and the common ancestor of all three taxa identify the Mexican Highland group as being most similar (Fig. 3A) . This pattern is maintained in an analysis excluding mexicana, in which Mexican Highland maize is tied with the West Mexico group as the most ancestral population (Fig. 3B) .
To mitigate the impact of introgression, we used a slightly modified approach that excludes both parviglumis and mexicana and calculates genetic drift with respect to ancestral frequencies inferred from domesticated maize alone. Because the genetic similarity of some of our maize groups violates the assumption of independent drift, we infer ancestral frequencies by averaging over estimates obtained for pairs of diverged maize groups and calculate drift of individual populations with respect to these frequencies. In contrast to previous results, this comparison identifies the West Mexico group as being most similar to the common domesticated ancestor, followed by the Mexican Highland and Meso-American Lowland groups (Fig. 3C) . Moreover, splitting the West Mexico group into highland (>2,000 m) and lowland (<1,500 m) components reveals that the lowland West Mexico group is most similar to the inferred ancestral maize. Direct comparison of genetic drift among the lowland West Mexico, Mexican Highland, and each of the remaining eight clusters shows further that the lowland West Mexico group is significantly closer than the Mexican Highland group to the inferred ancestor of each triplet (Fig. S4) . These results strongly suggest that maize from the western lowlands of Mexico is genetically most similar to the common ancestor of maize and is more closely related to other extant populations than is maize from the highlands of central Mexico. The ancestral position of the lowland West Mexico group is confirmed in a spatially explicit analysis of current allele frequencies in modern landraces, in which we mapped the moment estimator of F with respect to inferred ancestral allele frequencies. Mapping against allele frequencies observed in parviglumis (Fig. 4A) recapitulates earlier genetic results identifying highland maize as most similar to its wild ancestor (5) . Points in the lower 0.05 quantile of F cluster in the highlands, with a mean altitude of 1,745 m. In contrast, mapping F with respect to inferred ancestral allele frequencies (Fig. 4B) identifies the lowest 0.05 quantile of F values in the lowlands of western Mexico, including the Balsas region and the region south of the Mexican highlands, resulting in an average altitude of 1,268 m; this analysis also clearly estimates higher values of F for maize in the Mexican highlands, particularly in areas of high inferred introgression from mexicana (Fig S5) .
Discussion
Resolving the origins and spread of domesticated crops is a fascinating and challenging endeavor that requires the integration of botanical, archeological, and genetic evidence (26, 27, 28) . Maize provides an exceptional opportunity for studying the processes of domestication and subsequent diffusion because of the wealth of existing archaeobotanical data, germplasm accessions, and molecular markers. The contradiction between evidence supporting the earliest cultivation in the lowlands and the genetically ancestral position of Mexican Highland maize is therefore of particular interest. The disagreement is important, because the adaptive differences between highland and lowland maize are profound (14, 29 the geography of crop origins has been resolved by locating the most likely wild ancestor (24, (30) (31) (32) (33) . In the case of maize, however, the distribution of the wild ancestor does not coincide with the distribution of the cultivars most genetically similar to it. Our results present a resolution of this paradox. We show that previous genetic evidence for an apparent highland origin of modern maize is best explained by gene flow from mexicana and demonstrate that admixture with a related nonancestral wild relative can interfere with analyses based on straightforward comparisons with the known ancestor. We provide a solution to the problem of admixture by using estimated ancestral frequencies without relying on the wild ancestor for inference. By taking this approach, we find support for the ancestral position of lowland maize from western Mexico, a result that is consistent with archaeobotanical data and genetic analysis of maize domestication. Our study demonstrates that reevaluating genetic evidence with improved sampling and methods can help reconcile results from the multidisciplinary efforts that are crucial to our understanding of crop origins.
Methods
Samples and Genotyping. We genotyped a single plant from each of 1,127 accessions of maize landraces (20) , 100 accessions of parviglumis, and 96 accessions of mexicana (34) (Fig. S1 ). The maize sample contained all 351 named landraces that are known in the Americas (35) , representing 689 unique geographic locations ranging from southern Chile to Canada and from the Andean mountains to the Caribbean islands. Passport data for the plants are available in Dataset S1. Genotyping methods closely follow those in refs. 36 and 19. SNPs were scored in 547 genes, the majority of which were evaluated in a diversity panel (36, 37) consisting of temperate and tropical inbred lines as well as parviglumis individuals. The diverse nature of this panel, combined with the robustness of the drift estimate to ascertainment (25) , makes it unlikely that our results are affected by ascertainment bias. Loci with more than 15% missing data or an inbreeding coefficient F IS >0.9 were removed, leaving 964 SNPs. Ten maize and two parviglumis individuals with >7.5% missing data were removed.
Analysis of Patterns of Differentiation. Geographic structure was evaluated by PCA analysis on the normalized matrix of SNP genotypes using a TracyWidom distribution to determine the number of significant PCs (17) . PCs were tested for spatial autocorrelation using Moran's I. Individuals were assigned to 10 discrete groups by Ward clustering, using the Euclidean distances between individuals calculated on the nine standardized PCs showing the highest spatial autocorrelation (19) .
Analysis of Admixture. We used the program Structure, version 2.3.2 (21, 38) , to estimate admixture between maize and its wild relatives. Analysis was restricted to the 241 Mexican maize accessions in addition to parviglumis (n = 98) and mexicana (n = 96). We used the admixture model with k = 3, correlated allele frequencies, 100,000 burn-in iterations, and 1,000,000 Markov chain Monte Carlo steps. Use of correlated frequencies has been shown to improve estimates of admixture (38) , and the accuracy of the method was evaluated by simulations of maize allele frequencies under varying levels of admixture from mexicana.
Drift and Ancestral Frequency Estimation. Estimates of the drift parameter F and ancestral allele frequencies were obtained using the Bayesian algorithm proposed by Nicholson (25) as implemented in the popdiv function in the R package popgen (39) . With the assumption that drift is independent in predefined populations, the method jointly estimates the ancestral allele frequency π i at each locus and F j for each population such that p ij ∼ Normal [π i , F j π i (1−π i )], where p ij is the observed allele frequency at locus i in population j. We analyzed the genetic groups identified by PCA-based Ward clustering separately for this purpose. In our modified approach, frequencies for the domesticated ancestor of all maize groups were calculated as the geometric mean over 10 ancestral frequency estimates obtained for 10 population pairs, containing each population in turn and a corresponding reference population that was chosen to maximize the value of −ln(1 − θ) (40) , where θ is an estimator of F ST (41) . For each genetic group, we then calculated F with respect to this inferred ancestral frequency using a modification of the popdiv function. Direct comparison of F values for two candidate populations used sequential analyses of population triplets with the remaining eight maize populations, estimating ancestral frequencies separately for each triplet.
Estimation of Geographic Frequency. Maize allele frequencies across the sampled range were estimated with the method described by Wasser et al. (42) and implemented in the program SCAT. This method uses a Bayesian smoothing algorithm that infers gene frequencies underlying individual geographically mapped genotypes. To improve frequency estimation and mixing, the area containing the 689 registered sampling locations was covered with a grid of 471 interpolation points to achieve a maximum distance of 1.5°between locations. We then analyzed the geographic distribution of Nicholson's moment estimator of F (25) based on the allele frequency surface obtained by SCAT but including only points representative of actual sampling localities. 
